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Receptor Editing in a Transgenic Mouse Model:
Site, Efficiency, and Role in B Cell Tolerance
and Antibody Diversification
autoreactive B cells [Goodnow et al., 1988; Fulcher and
Basten, 1994]); and receptor editing, a process based
on the reactivation or maintenance of V(D)J recombina-
tion in the cell and leading to the expression of a novel
receptor specificity through secondary variable (V) re-
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region genes occurs through an initial recombination
between a DH and a JH gene segment, followed by the
rearrangement of a VH segment to the DHJH joint (Tone-Summary
gawa, 1983; Alt et al., 1984). Since in the latter process
all intervening DH elements are deleted, secondary ca-Mice carrying transgenic rearranged V region genes nonical rearrangements on the same locus are abro-
in their IgH and Igk loci to encode an autoreactive gated. However, VH replacements between germlinesspecificity direct the emerging autoreactive progeni- encoding VH gene segments and rearranged VHDHJH re-
tors into a pre-B cell compartment, in which their gions can still occur (Kleinfield et al., 1986; Reth et al.,
receptors are edited by secondary Vk-Jk rearrange- 1986). In contrast, Ig light chain (IgL, k and l) genes are
ments and RS recombination. Editing is an efficient derived from the direct recombination of VL to JL gene
process, because the mutant mice generate normal segments (Tonegawa, 1983). Due to the configuration
numbers of B cells. In a similar nonautoreactive trans- at the IgL loci, secondary rearrangements of upstream
genic strain, neither a pre-B cell compartment nor Vk to downstream Jk gene segments can occur (Lewis
receptor editing was seen. Thus, the pre-B cell com- et al., 1982; Feddersen and Van Ness, 1985; Shapiro
partment may have evolved to edit the receptors of and Weigert, 1987; Feddersen and Van Ness, 1990; Har-
autoreactive cells and later been generally exploited ada and Yamagishi, 1991; Huber et al., 1992). In conven-
for efficient antibody diversification through the inven- tional Ig transgenic animals, the analysis of receptor
tion of the pre-B cell receptor, mimicking an autoreac- editing through secondary V gene rearrangements is
tive antibody to direct the bulk of the progenitors into hampered because the transgenes cannot beeliminated
from the genome by such rearrangements, as in thethat compartment.
physiological situation. Thus, the efficiency of receptor
editing in such animals is poor a priori (Tiegs et al.,Introduction
1993) and likely underestimates what happens in normal
physiology.It is generallybelieved that a selection based onreceptor
A more physiological model of receptor editing makesspecificity operates when immature B cells differentiate
use of Ig loci, in which single rearranged V(D)J regioninto mature B cells (Monroe, 1996). Only B cells failing
genes are engineered into their physiological positionto bind self-antigens with high affinity enter the mature
by gene targeting (Taki et al., 1993; Prak and Weigert,B cell pool (Klinman, 1996; Rajewsky, 1996). Various
1995; Chen et al., 1995b; Cascalho et al., 1996; Chen etmechanisms mediating negative selection of self-reac-
al., 1997; Sonoda et al., 1997). Using this system (re-tive B cells have been described and later demonstrated
ferred to as Ig insertion [Igi] in this paper), Chen et al.convincingly using Ig transgenic mice (reviewed in
(1997) have shown that the editing of a transgenic recep-Goodnow et al.,1995). These includeclonal deletion (i.e.,
tor specific for double strand DNA results in the genera-the physical elimination of autoreactive B cell clones
tion of peripheral B cells carrying a different specificity,[Nemazee and BuÈ rki, 1989a; Nemazee and Buerki,
due to secondary Vk-Jk rearrangements and deletion1989b; Hartley et al., 1991; Russell et al., 1991; Chen et
(or inversion) of the targeted VkJk transgene. In this
al., 1995a]); anergy (i.e., the functional inactivation of
system, VH replacement did not play a major role in
receptor editing. How efficient receptor editing is in gen-
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Figure 1. Targeted Insertions of V Region
Genes and Model for the In Vivo Analysis of
Receptor Editing
(A) Schematic representations of the IgH and
Igk loci carrying the insertion of, respectively,
the 3-83H and B1-8H genes, and the 3-83k
gene. The two independent targeting ap-
proaches of the 3-83k gene are shown.Empty
rectangles and circles represent VH, Vk, DH,
Jk and constant regions and specific en-
hancers. Black triangles located upstream of
the Ig gene insertions (marked rectangles)
represent residual loxP sites.
(B) Schematic representation of the Ig loci
that encode nonautoreactive and autoreac-
tive receptors in the present model system.
Open or filled rectangles, V, D, and J regions;
open circles, enhancers; filled, arrowed box,
the RS sequence.
Results mice hemizygous for the3-83 heavy and light chain gene
insertions (3-83Hi;3-83ki or 3-83Hi;3-83kiJk2).
Generation of Autoreactive and Nonautoreactive Surprisingly, when analyzed on H-2b or H-2d back-
Igi Mice grounds, 3-83Ig1 mature B cells, as identified by 3-83
The 3-83 heavy and light chains together generate an idiotype expression, were largely absent in both cases,
anti±major histocompatibility complex of class I (MHC although such cells could be detected as immature B
I) specificity (Ozato et al., 1980). The 3-83 antibody rec- cells in the bone marrow of H-2d mice (Figure 2 and
ognizes all MHC I haplotypes tested but with varying data not shown). Because of this complication, which
affinities (Ozato et al., 1980; Lang et al., 1996). In particu- is further addressed in the Discussion, we made use of
lar, as measured by a flow cytometric binding assay, a second VHDHJH gene region insertion mutation, namely
3-83 binds H-2Kk with high affinity and H-2Kb with me- B1-8i, which uses the VH region of the NP (anti-[4-
dium affinity, while the binding affinity to H-2d ranked hydroxy-3-nitrophenyl]acetyl)-binding antibody B1-8
as the lowest (Lang et al., 1996). Indeed, inmice express- (Sonoda et al., 1997; Figure 1). Indeed, the association
ing the 3-83 antibody from a conventional transgene, B of 3-83k with B1-8 H chains generates an antibody with
cell tolerance was induced on the H-2b but not the H-2d an apparently innocuous, though unknown, specificity
background, with the development of 3-83 Ig1 B cells (see below). Thus, the experimental system consisted
in the latter case (Nemazee and BuÈ rki, 1989a; Lang et of two different heavy chains that in combination with
al., 1996). Thus, our aim was to generate and study the same light chain form autoreactive (3-83Hi;3-83ki;H-
3-83 Igi mice carrying either H-2b or H-2d alleles. The 2b) and nonautoreactive (B1-8Hi;3-83ki) specificities
targeting of the 3-83H (VHDHJH) and 3-83k (VkJk) gene (Figure 1B), respectively. Both heavy chain transgenes
segments into the IgH and Igk loci, respectively, of 129- were stable, and they mediated allelic exclusion effi-
derived embryonic stem (ES) cells was performed as ciently at the IgH locus. Flow cytometric analysis of Ig
previously described (Taki et al., 1993; Pelanda et al., allotype expression indicated that more than 95% of the
1996; Sonoda et al., 1997). Two independent genotypes B cells in B1-8i (Sonoda et al., 1997) and 3-83Hi mice
were obtained for the integration of the 3-83k gene. The (data not shown) express the inserted VH transgene. Thisfirst (3-83ki; Pelanda et al., 1996) leaves the downstream
result was largely confirmed by single-cell polymerase
endogenous Jk4 and Jk5 gene segments intact, allowing
chain reaction (PCR) analysis for B1-8i (Sonoda et al.,
secondary Vk-Jk rearrangements to occur at the tar-
1997) and Southern blot analysis for 3-83Hi (data notgeted allele. The second genotype (3-83kiJk2) harbors
shown) using splenic B cells.a deletion of all endogenous Jk segments, thereby pre-
The Igi animals used in our experiments were hemizy-venting secondary rearrangements. A third targeting
gous for the Ig transgene insertions and homozygous(3-83Hi) was performed to obtain the 3-83 heavy chain
or heterozygous (H-2b,d) for the H-2b allele.gene inserted into the IgHa locus. The neor gene, utilized
for the screening of homologous recombinant ES cells,
Peripheral B Cells of Autoreactive Igi Mice Expresswas removed from the targeted cells using the Cre/loxP
Endogenous k or l Light Chainssystem (Sternberg and Hamilton, 1981; Gu et al., 1993;
Spleen cells were isolated from 3-83Hi;3-83ki and B1-Torres and KuÈ hn, 1997) to generate Igi mice devoid of
8Hi;3-83ki mice and analyzed by flow cytometry withthis marker gene and its regulatory elements.
monoclonal antibodies (anti-idiotypes) specific for theFigure 1A represents the mutant Ig loci. Crosses be-
tween 3-83Hi and 3-83ki (or 3-83kiJk2) mice produced transgenic Igs. The percentage of B cells carrying the
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Genotype N Total Lymphocytes (%) (%) B220dullIgM1
Wild-type 5 7.7 3 107 48.0 4.5 10.6 3 105a
8-83H;3-83ki 7 6.5 3 107 43.0 38.9 8.8 3 105
3-83Hi;3-83kiJk2 3 6.4 3 107 34.2 41.2b ND
a This value derives from the analysis of four mice.
b This value derives from the analysis of two mice.
ND, not determined.
Numbers of cells were determined in the lymphocyte gate as described previously (FoÈ rster et al., 1989; Ehlich et al., 1993). The percentage
of B2201 B cells in the lymphocyte gate in the spleen preparation was determined by two-color flow cytometric analysis with anti-CD45R/
B220 and anti CD3 (data not shown). The percentage of l1 B cells was determined in the B2201 gate by three-color flow cytometric analysis
with anti-l, anti-CD45R/B220, and anti-IgM (data not shown). Number of B220dullIgM1 bone marrow cells belonging to the immature B cell
population was calculated from the anti B220/IgM/CD43 staining as shown in Figure 5.
transgenic specificity (referred to as idiotype) was that the majority of these cells nevertheless express the
B1-8 VH region gene (Sonoda et al., 1997). As shown inquantified. In the case of B1-8Hi;3-83ki mice, the B1-
8±specific monoclonal antibody Ac-146 (Reth et al., Figure 2, approximately 90% of the B cells from B1-
8Hi;3-83ki mice could be stained by the Ac-146 reagent,1979) was used for this purpose. The recognition by Ac-
146 of B1-8±expressing B cells is restricted by the fact and the proportionality of H (m) chain and Ac-146 stain-
ing is indicative of a monospecific B cell population. Wethat some light chains, when associated with the B1-8
H chain, prevent Ac-146 binding (Sonoda et al., 1997). interpret this result to indicate that the B cell pool of
these mice consists largely of a monospecific B cellAs a result, B1-8i mice expressing endogenous L chains
contain a large fraction (z43%) of Ac-1462 B cells (Fig- population with an apparently innocuous specificity de-
termined by the B1-8H and 3-83k chain combination.ure 2). However, it has been demonstrated previously
As expected, and in contrast to the B1-8Hi;3-83ki
strain, most splenic B cells in the 3-83Hi;3-83ki strain
(and 3-83H;3-83kJk2, data not shown) lack the 3-83
idiotype. Only approximately 14% of these cells were
stained by the 54.1 monoclonal antibody (Nemazee and
BuÈ rki, 1989a) specific for the 3-83 heavy and light
chain combination (Figure 2). Because IgH allotype
staining and Southern blot analysis of 3-83Hi;3-83ki
splenic B cells indicated stability and selective expres-
sion of 3-83Hi (,5% expressed the wild-type IgM allele,
and z80% of the cells carried the transgene), we attrib-
uted the high frequency of 3-83Ig2 B cells largely to
inactivation of the 3-83k gene and expression of distinct
endogenous light chains.
Indeed, 3-83Hi;3-83ki mice present an approximately
8-fold and approximately 15-fold increase in frequency
and absolute numbers of l-expressing splenic B lym-
phocytes when compared, respectively, to wild-type
(Table 1) and B1-8Hi;3-83ki (data not shown) mice. Sig-
nificantly, the elimination of the autoreactive B cells in
3-83Hi;3-83ki mice is not accompanied by a decrease
in B cell numbers, as previously described for the 3-83Ig
conventional transgenic animals (Tiegs et al., 1993) and
other autoreactive Ig-transgenic mice (Hartley et al.,
1991; Chen et al., 1995a). On the contrary, these mice
possess as many splenic (and bone marrow immature;
see below) B cells as age-matched wild-type animals
(Table 1), suggesting that the autoreactive receptors
Figure 2. Flow Cytometric Analysis of Idiotype Expression in Spleen rather than the cells carrying them were deleted.
Cells from Igi Mice
Splenocytes isolated from adult B1-8Hi;3-83ki, B1-8Hi, 3-83Hi;3-
83ki, and 3-83Hi mice were stained with anti-CD45R/B220, anti- Expression of Endogenous Light Chains
IgM, and anti-idiotypic monoclonal antibodies and analyzed by flow in the Peripheral B Cells of Autoreactive
cytometry. Anti-idiotypic antibodies were, respectively, Ac-146 Igi Mice Is Accompanied by Silencing
(anti-B1-8) or 54.1 (anti-3-83). The figure shows the analysis of anti-
of the Inserted Vk-Jk GeneIgM and anti-idiotype staining of cells in the lymphocyte gate. Num-
The observation that Ig light chain expression inbers indicate the percentage of idiotype-positive splenocytes within
the IgM1 cell population. 3-83Hi;3-83ki mice was not limited to 3-83ki, led us to
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targeted alleles and 58.7% 6 5.4% of the wild-type al-
leles, while these percentages were 9.7% 6 8.5% and
26.7% 6 11.2%, respectively, for k1 splenocytes of mice
bearing 3-83ki only. This indicates that the level of k
rearrangements on targeted and wild-type alleles in-
creases significantly when 3-83ki is combined with
3-83Hi to encode an autoreactive receptor.
The fact that approximately 70% (100%±30.6%; see
above) of the k1B cells of 3-83Hi;3-83ki mice still carried
the 3-83k (and 3-83H) gene segment appeared discor-
dant with the low frequency of 3-83Ig1 cells detected
by flow cytometric analysis (Figure 2). A possible expla-
nation of this discrepancy is that the 3-83k targeted
allele is often functionally inactivated by an RS recombi-
nation event, which would nevertheless maintain the
same hybridizing fragment as shown in Figure 3. A novel
rearrangement on the wild-type Igk allele would then
guarantee IgM (m and k) expression. RS is a canoni-
cal heptamer nonamer recombination signal sequence
(RSS) located downstream of the Ck and the 39 k en-
hancer (Moore et al., 1985; Persiani et al., 1987), which
can recombine with either two heptamer sequence (in-
tron recombining sequence [IRS]1 or less frequently
Figure 3. Southern Blot Analysis of k-Expressing Splenocytes from IRS2) in the Jk-Ck intron or with an RSS of a germline
Igi Mice Vk gene causing functional inactivation of the same Igk
(A) The 3-83ki and wild-type Igk alleles. Probe Eco-Eco hybridizes locus (Shimizu et al., 1991). Thus, upon IRS1-RS recom-
to 5.6 kb and 5.0 kb SacI bands of the targeted and wild-type alleles, bination the initial Vk-Jk rearrangement would be re-respectively. Secondary Vk-Jk rearrangements (curved arrows)
tained in the original position on the locus, while uponcause deletion or inversion of the intervening region, changing the
Vk-RS recombination it could be maintained either onsize of the SacI hybridizing fragments and resulting in decreased
intensity of the specific bands upon hybridization. an excised, circularized DNA or, in some of the cases,
(B) Example of hybridization of probe Eco-Eco to SacI digested DNA on an inverted DNA fragment.
from either tail or k1 splenocytes of 3-83Hi;3-83ki and 3-83ki mice. We assessed whether RS recombination had oc-
The 3-83ki and germline (gl) hybridizing bands are indicated. Lanes: curred on the 3-83ki (or 3-83kiJk2) and wild-type alleles
(1) k1 from 3-83Hi;3-83ki, (2) tail from 3-83Hi;3-83ki, (3) k1 from
of 3-83Igi mice using a PCR that detects products arising3-83ki, (4) tail from 3-83ki.
from IRS1-RS (on the mutant Igk allele only) or Vk-RS(C) The same blot of (B) hybridized with an IL-4 gene-specific probe.
This hybridization was utilized for the relative quantitation of the (on both mutant and wild-type alleles) recombination
3-83ki and germline bands in k1 B cells compared to tail DNA (Figure 4A). As shown in Figure 4B, IRS1-RS recombina-
samples. tion was detected in k-expressing B cells from 3-83Hi;3-
83kiJk2 but not wild-type animals, because one of the
primers was specific for the3-83k gene. IRS2-RS recom-
bination, which could result in a PCR band of z0.6 kb,
investigate the IgL loci of these mice at the molecular was not detected (Figure 4B and data not shown) in
level. Southern blot analysis of k-expressing splenic B agreement with published data (Shimuzu et al., 1991)
lymphocytes from 3-83Hi;3-83ki and 3-83ki mice (with indicating IRS1 as the major donor sequence for IRS-RS
wild-type IgH) with a probe hybridizing 59 of the Jk seg- recombination. A similar amplification was performed on
ments was used to detect and quantitate Igk alleles k1 B cells from 3-83Hi;3-83ki mice, but no product was
bearing the 3-83k gene insertion and Igk loci in germline detected (data not shown). This failure may result from
configuration (Figure 3A). The intensities of 3-83ki and inefficient amplification of the longer PCR product (2 kb
germline-Igk bands from k1-splenocytes were com- vs. 1 kb) in the 3-83Hi;3-83ki strain, which carries the
pared to those from tail DNA (Figure 3B). Because tail Jk3-Jk5 DNA sequence in addition to the 3-83 Vk-Jk
DNA does not undergo V(D)J rearrangements, the band segment. Moreover, the frequency of RS recombination
intensities from this tissue were considered to represent in the 3-83Hi;3-83kiJk2 strain is likely higher than that in
100% unrearranged 3-83ki and germline-Igk alleles. Any 3-83Hi;3-83ki mice, since this is the only recombination
decrease of this value would indicate rearrangement event that can take place on the targeted allele given
between germline Vk and Jk gene segments at those the absence of available Jk segments. Thus, this PCR
alleles. The results were normalized for the DNA content analysis, although not quantitative, shows that func-
of the various samples using a probe for the IL-4 gene tional inactivation of the 3-83ki targeted allele takes
(Figure 3C). Values were calculated from two distinct place in splenic B cells of the autoreactive Igi mice. A
Southern blot analyses. A 2- to 3-fold increase of endog- second PCR strategy to analyze Vk-RS rearrangements
enous Vk to Jk rearrangements was found in B cells of in k1 splenocytes from either 3-83Hi;3-83ki or B1-8Hi;
3-83Hi;3-83ki mice compared to those of 3-83ki mice 3-83ki mice showed that this type of RS recombination
lacking 3-83Hi. In the 3-83Hi;3-83ki mice, Vk to Jk re- occurs approximately 60-fold more frequently in the for-
mer than in the latter cells (Figure 4C). This is based onarrangements have occurred at 30.6% 6 7.5% of the
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Figure 4. PCR Analysis of RS Recombination
in Splenocytes from Igi Mice
(A) Scheme of the 3-83kiJk2 and 3-83ki loci
and the strategy employed for the PCR analy-
sis of RS recombination. RSS of Vk regions,
IRS1, and RS sequences are depicted by
open triangles. IRS2 sequence (not indi-
cated) is 400 bp 39 of IRS1. Black arrows,
primers utilized in the analysis. S, SacI.
(B) Electrophoretic analysis of the PCR reac-
tions performed with primers a and c. Tem-
plate DNA was prepared from either tail or
k-expressing splenocytes isolated by cell
sorting or from a total spleen cell population
containing 10% l1 cells. DNA from 5 3 104
k1 cells was utilized per reaction. Tail DNA
and total spleen DNA were, respectively, ap-
proximately 0.5 mg per reaction. Lanes: (1) 1
kb ladder DNA marker, (2) wild-type tail DNA,
(3) k1 splenocyte DNA from wild-type mice,
(4) spleen (10% l1 cells) DNA from 3-83Hi;3-
83kiJk2 mice, (5) k1 splenocyte DNA from
3-83Hi;3-83kiJk2 mice, (6) 1 kb ladder DNA
marker. Arrow, the expected 1.04 kb band.
(C) Electrophoretic analysis of PCR reactions
performed with primers b and c. Template
DNA was as in (B). Lanes are: (1) 1 kb ladder; (2±5), respectively, 41 ng, 2.5 ng, 0.6 ng , 0.16 ng of DNA from k1 splenocytes of 3-83Hi;3-83ki
mice; (6) 1 kb ladder; (7±10), respectively, 160 ng, 10 ng, 2.5 ng, 0.6 ng of DNA from k1 splenocytes of B1-8Hi;3-83ki mice; (11) 1 kb ladder;
(12) 1 mg of tail DNA from 3-83Hi;3-83ki mice; (13) spleen (10% l1 cells) DNA from 3-83Hi;3-83ki mice. Arrows, the expected 180 bp band.
the relative amounts of PCR products amplified from 3-83ki mice whose transgenes encode for an autoreac-
tive specificity, contain a prominent B2201CD432sIgM2the two types of mice at different concentrations of
template DNA (compare lanes 3 and 7 in Figure 4C). pre-B cell fraction, comparable in size to that seen in
wild-type animals (Figure 5). Furthermore, while the non-The lack of 3-83k chain expression, thehigh frequency
of l-expressing B lymphocytes, and the high incidence autoreactive mutant mice develop immature B cells ex-
pressing the transgenic specificity, the transgenic (auto-of secondary Vk-Jk and of RS rearrangements observed
in 3-83Hi;3-83ki but not B1-8Hi;3-83ki mice all indicate reactive) specificity is deleted in that same compartment
of 3-83Hi;3-83ki mice (data not shown), although imma-that receptor editing operates in Igi mice only in the
context of an autoreactive specificity. ture B cells are present in the bone marrow of this strain
in normal numbers (Table 1). These results suggest that
in these animals the B2201CD432sIgM2 pre-B cell poolA Pre-B Cell Compartment Is Present in the Bone
Marrow of Autoreactive but Not harbors cells undergoing receptor editing.
of Nonautoreactive Igi Mice
B cell development in autoreactive and nonautoreactive Light Chain Editing Is Ongoing in B2201CD432sIgM2
Bone Marrow Cells of Autoreactive Igi Micemice was compared in an attempt to identify the devel-
opmental stage at which receptor editing occurs. Bone B2201CD432IgM2 cells were isolated from the bone
marrow of 3-83Hi;3-83ki mice by cell sorting and ana-marrow from 3-83Hi;3-83ki and B1-8Hi;3-83ki mice was
analyzed by three-color flow cytometry to examine the lyzed by flow cytometry for the expression of k chains
in the cytoplasm.expression of B220, IgM, and CD43. This analysis re-
solves CD431 pro-B and CD432 pre-B, immature, and On the basis of this staining pattern and forward scat-
ter, the cells could be resolved into three fractions (Fig-mature B cells, corresponding, in general, to the stages
of VHDHJH rearrangement, VLJL rearrangement, surface ure 6): approximately 25% large k1 cells, approximately
50% small k1 cells, and approximately 25% small k2(s) IgM expression, and sIgM/IgD expression, respec-
tively, of developing B cells (Hardy et al., 1991; Ehlich cells. In addition, the entire cell population expressed
m chains in the cytoplasm (data not shown). Given theet al., 1993).
Nonautoreactive B1-8Hi;3-83ki B cells develop di- fact that the B2201CD432sIgM2 cells are present ex-
clusively in Igi mice bearing an autoreactive BCR, andrectly from CD431 B cell progenitors to sIgM1 immature
B cells. The CD432sIgM2 pre-B cell compartment was that approximately 75% of these cells express intra-
cellular k chains (by the same analysis only z20% ofvirtually absent (0.8%±3.2% of the cells in the lympho-
cyte gate) in these mice. This likely results from the the B2201CD43-sIgM- cells in wild-type mice contain
k chains in the cytoplasm; Pelanda et al., 1996), weinduction of Igk transcription upon pre-B cell receptor
(pre-BCR) expression (Spanopoulou et al., 1994; Young speculated that this population consisted of cells in the
process of editing their light chains. This predicts theet al., 1994) in the large CD431 pre-B cells, which, having
prerearranged k and IgH transgenes, readily express occurrence of secondary Vk-Jk rearrangements at high
frequency within this population.IgM molecules on the surface. In contrast, 3-83Hi;
Immunity
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Figure 5. Three-Color Flow Cytometric Analysis of Bone Marrow Cells from Wild-Type B1-8Hi;3-83ki and 3-83Hi;3-83ki Mice
Bone marrow cells were analyzed for the expression of CD45R/B220, IgM, and CD43/S7. (Top) B220 versus IgM expression of cells in the
lymphocyte gate. (Bottom) B220 and CD43/S7 expression on IgM-negative lymphocytes, as gated in the upper panels. Numbers indicate the
percentage of total lymphocytes that belong to the B2201CD432sIgM2 pre-B cell population.
The rearrangement status of k (and l1, data not Discussion
shown) loci in these cells was assessed by PCR on
single cells isolated from the three fractions as defined Receptor Editing Is Efficient in Rescuing
Autoreactive B Cells fromin Figure 6. Primers specific for the 3-83ki allele were
included in this analysis. As shown in Table 2, more than Clonal Deletion
Receptor editing was initially described in conventional90% of the large cells carried the targeted 3-83k gene,
and no other VL-JL rearrangements were detected. In transgenic mice, including animals harboring 3-83Ig
(anti-H-2b,k) transgenes (Gay et al., 1993; Tiegs et al.,contrast, the majority of the small cells carried Vk-Jk
rearrangements distinct from the 3-83ki, either on 1993). The frequency of this process appeared to be low
in these animals, as indicated by the severely reducedthe wild-type or the targeted (and in few cells on both)
alleles. Of the small k1 cells, approximately two thirds number of peripheral B cells, and deletion of autoreac-
tive B cells was the major mechanism mediating centralretained 3-83ki, but 50% of these also carried a novel
rearrangement at the wild-type allele (Table 2). In the tolerance. By the use of 3-83Igi mice instead of the
conventional transgenics, we show that receptor editingsmall k2 cells, however, we only detected rearrange-
ments distinct from 3-83ki in 11 of 12 cells. Signifi- is an efficient mechanism whereby autoreactive B cells
escape from deletion, as 3-83Igi mice do not exhibitcantly, only one PCR product was detected in most of
the small k2 cells (Table 2). Given that the simultaneous any significant decrease in immature and mature B cell
numbers. Based on this result, it appears that the extentamplification of two Igk loci (in germline or rearranged
configuration) had an efficiency of greater than 90% of clonal deletion may be overestimated in conventional
transgenic systems, as here the transgenes cannot bewhen tested on single splenic cells (data not shown),
this suggests deletion and loss of one of the k loci deleted by canonical Ig gene rearrangements or RS re-
combination.by RS recombination in most cells of this fraction. In
addition, a sequence analysis of the Vk-Jk joints ampli- To our surprise and in contrast to the conventional
3-83 transgenic mice, which develop 3-83Ig1 mature Bfied from the small k2 cells showed that 50% of the
joints were in frame and, therefore, potentially able to cells in normal numbers on the H-2d background (Tiegs
et al., 1993), the mature B cells in 3-83Igi mice on H-2dproduce k chains (data not shown), although no k pro-
teins were detected by the intracellular staining. Only are largely 3-83Ig2 (data not shown). This was not due
to an inherent instability of the 3-83 insertions, sinceone Vl1-Jl1 rearrangement was detected in one of the
21 small pre-B cells analyzed (data not shown). Taken 3-83ki was stably expressed in combination with the
B1-8 VH region (Figure 2) and expression of the wild-together, these data indicate that receptor editing oper-
ates in B2201CD432IgM2 cells once they become rest- type IgH allele in 3-83Igi mice was found in only approxi-
mately 5% of the B cells (data not shown). The stabilitying, small pre-B cells.
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1996), and that this effect is not detected in the con-
ventional transgenics (Tiegs et al., 1993) because of
their reduced ability to replace the transgenes by an
endogenous L chain or the high expression level of the
multicopy transgenes themselves. Alternatively, the
3-83Igi mice with their mixed (129 plus BALB/c) back-
ground may carry a 129-derived antigen cross-reacting
with the 3-83 antibody, a possibility that is under inves-
tigation.
Receptor Editing Involves Secondary VL-JL
Rearrangements and RS Recombination
Expression of endogenous L chains was observed in
Igi mice bearing an autoreactive receptor but not in
mice carrying a nonautoreactive specificity, although
B cells from both animals harbored an identical targeted
k chain gene. Expression of novel light chains was
achieved by several mechanisms: (1) secondary Vk-JkFigure 6. Intracellular k Chain Expression in B2201CD432sIgM2
Cells from 3-83Hi;3-83ki Mice rearrangements on the allele bearing the inserted 3-83k
gene; (2) Vk-Jk rearrangements on the wild-type IgkThe B2201CD432sIgM2 cell population was sorted with a FACstar
flow cytometer from bone marrow of 3-83Hi;3-83ki mice stained as in locus; (3) Vl-Jl rearrangements, as 3-83Hi;3-83ki mice
Figure 5 and then stained for intracellular k chains. Flow cytometric showed an increased frequency (8-fold) of l-expressing
analysis of intracellular k chain expression versus forward size scat- B cells, compared to wild-type. The latter has previously
ter is shown. The numbers indicate the percentage of the large k1,
been described for the 3-83Ig conventional transgenicsmall k1, and small k2 cell fractions in the population analyzed.
mice (Tiegs et al., 1993; Lang et al., 1996) and may result
from a high frequency of autoreactive binding sites in
the repertoire generated by associating different kof 3-83Hi (transgene present in z80% of B cells from
3-83Hi and 3-83Hi;3-83ki mice; data not shown) and chains with the 3-83H chain. The expression of endoge-
nous k chains in the 3-83Igi mice didnot always correlate3-83ki (transgene present in z90% of B cells from 3-83ki
only mice; Figure 3) was also verified at the DNA level with elimination of the inserted 3-83k gene, which was
retained in approximately 70% of the k-expressingby Southern blot analysis, although a precise assess-
ment of the frequency of B cells subjected to allelic splenocytes, although mostly not being expressed. This
result differs from that reported by Chen et al. (1997)inclusion in these mice would only be possible by single
cell analysis. On the other hand, there is good reason for the 3H9R/Vk4R anti-DNA insertion mice. In their sys-
tem the Vk4 insertion was maintained in only 14% ofto think that the counterselection of 3-83Ig±expressing
cells on the H-2d background results from receptor edit- the spleen-derived hybridomas analyzed. This differ-
ence may depend on the fact that the 3-83ki could being, which, however, is less efficient than in 3-83Igi;
H-2b mice. Thus, although the transgenic animals car- maintained by the splenic cells on circularized DNA epi-
somes derived by Vk-RS recombination events that oc-rying H-2d contain a pre-B cell population in their bone
marrow, this is reduced in size by a factor of 3 as com- curred in the bone marrow during the receptor editing
processing (Shimizu et al., 1991).pared to what is seen on H-2b. In addition, a significant
fraction (z60%) of the immature B cells in the bone On the other hand, the circular DNAs are likely rapidly
lost in dividing hybridoma cultures, resulting in the lowmarrow of 3-83Igi;H-2d mice express the 3-83 idiotype,
again in contrast to the absence of such cells on the recovery of the Vk4 insertion by Chen et al. (1997). In-
deed, both Vk-RS and IRS1-RS recombinations wereH-2b background (data not shown). We speculate that
in the 3-83Igi;H-2d strain we see a low degree of receptor detected in k-expressing B cells from the autoreactive
Igi mice, explaining the absence of 3-83k expression inediting due to the very low but measurable binding of
the 3-83 antibody to H-2d±expressing cells (Lang et al., B cells that still carried the targeted gene. Previously,
Table 2. PCR Analysis of 3-83ki and Vk-Jk Rearrangements in Single Cells Purified from B2201CD432slgM2 Cell Fractions of
Autoreactive Igi Mice
Number 3-83/
Fraction of Cells Germline Germline/? 3-83/? 3-83/Vk-Jk Vk-Jk/? Vk-Jk/Germline Vk-Jk/Vk-Jk
Large k1 12 10 Ð 1 Ð Ð Ð 1
Small k1 9 2 2 1 3 1 Ð Ð
Small k2 12 Ð Ð 1 Ð 8 1 2
Single cells belonging to, respectively, the large k1, small k1, and small k2 fractions of the B2201CD432sIgM2 bone marrow cell population
of 3-83Hi;3-83ki mice (Figure 6) were analyzed by PCR to detect 3-83ki and Vk-Jk. Two PCR products for each cell were expected from the
amplification of the Igk loci unless both loci carried a Vk gene rearranged to the same Jk segment. The number of cells with a particular k
loci configuration, as determined by PCR amplification with specific primers (see Experimental Procedures), are shown. A question mark
indicates that only one k product was obtained. Only samples that gave at least one PCR product were considered.
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RS recombination has exclusively been implicated in compartment of immature B cells. Upon entry into the
compartment of small pre-B cells, the autoreactive cellsmechanisms that regulate the relative proportion of
k chain±expressing and l chain±expressing B cells (Per- underwent secondary L chain gene rearrangements.
More than 75% of these cells carried a novel Vk-Jksiani et al., 1987; MuÈ ller and Reth, 1988). We speculate
that RS recombination is utilized to silence autoreactive rearrangement, while only less than 30% still harbored
3-83ki. A subset of the cells had lost 3-83ki altogetherk chains that are not, or cannot be, eliminated by sec-
ondary Vk-Jk rearrangements. and had likely undergone several rounds of secondary
Vk-Jk rearrangements, since they showed a bias in the
usage for Jk5 (8 of the 12 small k2 cells analyzed; data
Developing Transgenic B Cells Expressing not shown). In addition, from most (75%; Table 1) of the
an Autoreactive Receptor Differentiate k2 cells we obtained a PCR product from only one Igk
into Receptor-Editing Small Pre-B allele. Given the high efficiency of amplification of two
Cells, in Contrast to Their Igk alleles from the k1 progenitors (76.2%; Table 1) and
Nonautoreactive Counterparts from splenic B cells (greater than 90%; data not shown),
The present transgenic system allows us to compare this suggests that one of the Igk loci had been deleted
directly the fate of B cell progenitors expressing autore- by Vk-RS recombination and lost by most of these cells.
active or nonautoreactive receptors, respectively. This Thus, B cell progenitors triggered by the pre-BCR into
is so because we know from previous (Pelanda et al., further development are not eliminated if they express
1996) and the present work that the transgenic 3-83 k an autoreactive BCR, but they expand into a cellular
chains shared by these receptors are expressed by the compartment in which recombinase activating-gene ex-
majority of the progenitor population right after pre-BCR pression is up-regulated and the autoreactive specificity
expression. As the latter relies on m chain expression, edited by secondary light chain gene rearrangements.
it follows that in the Igi transgenic system pre-BCR and This scenario, although possibly artificial in that the
BCR expression are in close succession (and perhaps trangenic BCRs are expressed somewhat earlier in
in part competing) over developmental time. development than most BCRs in normal development
The pre-BCR, a receptor complex consisting of (Pelanda et al., 1996), closely resembles the original
m chains, the surrogate light chains VpreB and l5, and receptor editing concept (Gay et al., 1993; Tiegs et al.,
the Iga/Igb heterodimer (Reth and Wienands, 1997), is 1993). Extrapolating it to the normal situation, the pre-B
known to play a key role in early B cell development cell compartment of wild-type mice is a population of
(Rajewsky, 1996; Rolink et al., 1996). Its expression cells that derives from either m-expressing progenitors
marks a developmental checkpoint at which a pre-BCR- that are undergoingtheir initial light chain rearrangement
mediated signal of still unknown nature directs the pro- (or secondary rearrangements displacing nonproduc-
genitor cells into further development. An immediate tive joints) or autoreactive immature B cells that are
consequence of pre-BCR expression is the initiation of undergoing secondary VL-JL rearrangements in an at-
cell proliferation (Rolink et al., 1994). Thus, in the present tempt to edit the productive but autoreactive BCR. As
experimental system, the nonautoreactive cells may still soon as a cell in this compartment (i.e., the develop-
undergo some pre-BCR-mediated expansion as sIg1 mental stage following pre-BCR expression) expresses
immature B cells (we found z25% large cells in this a receptor of innocuous specificity and perhapsreceives
compartment in the B1-8Hi;3-83ki as compared to 10% a ªtonicº signal through its BCR (Torres et al., 1996; Lam
in wild-type mice; R. P., unpublished data), but they are et al., 1997), gene rearrangements are arrested and the
not guided into a compartment specializing in IgL gene cell becomes an immature B cell; failure to do so eventu-
rearrangements, namely that of the classical small pre-B ally leads to cell death.
cells. This abbreviated developmental pathway (i.e., the
absence of B2201CD432sIgM2 pre-B cells) has been The Pre-BCR May Have Evolved
observed in other Ig transgenic mice (Reichman-Fried as a Surrogate Autoreactive BCR
et al., 1990; Era et al., 1991; Spanopoulou et al., 1994), Whereas in the present transgenic system B cell pro-
presumably reflecting an early expression of the corre- genitors expressing a nonautoreactive specificity enter
sponding Ig transgenes in B cell development. the peripheral B cell compartment without further Ig
In striking contrast, the bone marrow of the Igi mice gene rearrangements, the latter are triggered in cells
expressing the 3-83 autoreactive specificity contained bearing an autoreactive receptor. Thus, a situation
a prominent population of pre-B cells, comparable in emerges in which autoreactive B cells expand and edit
numbers to that of wild-type mice. As in the wild-type, their receptors upon autoantigen encounter in a pro-
25% of these cells were large, presumably cycling cells cess involving extensive repertoire diversification by
(Karasuyama et al., 1994) and, in addition, all of them equipping progenitors sharing a given H chain with a
expressed 3-83k (and m, datanot shown) chains intracel- multitude of different L chains. Apart from the molecular
lularly (Figure 6 and Table 2). We speculate that these details, this mechanism of antibody diversification by
were autoreactive cells expanding before entry into the mutant breeding through initial expansion and subse-
compartment of recombinase±activating gene±express- quent negative selection of autoreactive cells resembles
ing small pre-B cells (Grawunder et al., 1995). That these closely a concept developed by Jerne (1971) more than
cells did not express sIg presumably relates to their 25 years ago. If we imagine that this mechanism evolved
autoreactivity, as in the nonautoreactive strain an in- early, before the time of the pre-BCR, we may speculate
creased fraction (25% instead of 10%; data not shown) that the pre-BCR was invented as a prematurely ex-
pressed surrogate autoreactive BCR to direct the bulkof sIg1 cells of large size were instead present in the
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with anti-k monoclonal antibodies was performed as previously de-of the progenitor B cell population into the editing path-
scribed (Pelanda et al., 1996)way in order to improve the efficiency of antibody diver-
sification. In this picture, it would not matter whether
Southern Analysis of Vk-Jk Rearrangementsthe pre-BCR delivers its signal on the basis of an interac-
k1 cells were isolated from spleens by the magnetic cell sortingtion with some ligand expressed in the bone marrow
system. The purity of these preparations was greater than 90% in
micro-environment or through B cell-autonomous com- all cases. Genomic DNA prepared from the k1 cells and from tails
plex formation. of the same mice was digested with SacI or BglII (data not shown)
In light of these considerations, if the residual B cell for Southern analysis. The blots were hybridized to probe Eco-Eco
(Pelanda et al., 1996) to detect Igk-specific bands or to an IL-4development seen in mutant mice deficient in pre-BCR
specific probe (probe B; KuÈhn et al., 1991). PhosphorImager andexpression because of inactivation of the l5 gene (Kita-
computer analysis were utilized to determine relative quantities ofmura et al., 1992) is indeed representative of evolution-
the germline Igk and of the 3-83ki bands. The signal intensities of
ary times before the pre-BCR (Ehlich et al., 1993), then each sample were calibrated to the internal standard, the band
one would predict that 3-83Igi mice will develop B cells corresponding to the IL-4 gene. The signal intensities of the bands
more efficiently than their nonautoreactive counterparts in tail DNA samples were taken as referiment values for absence of
secondary rearrangements.on a l5-deficient background. This prediction is under
investigation.
PCR Analysis of RS Recombination
k1 cells were isolated from spleens by cell sorting on a FACStar
Experimental Procedures
Plus cell sorter. Genomic DNA prepared from either the k1 pure
preparation, a whole spleen (containing 10% l1 cells), or from tail
Generation of Igi Mice
was utilized as template in PCR reactions. Primers a and c (Figure
Generation of B1-8 and 3-83ki mice has been previously described
4) were, respectively, 59-TACTCTCTCACAATCGGC-39 and 59-CTCA
(Pelanda et al., 1996; Sonoda et al., 1997). To generate mice carrying
AATCTGAGCTCAACTGC-39. PCR condition with primers a and c
the insertion of the 3-83H gene, the VHDHJH transgene, including the was 45 s at 948C, 1 min at 578C, and 1 min at 728C for 40 cycles.
promoter, was PCR amplified from the 3-83m vector (Nemazee and
One fifth of each PCR sample was run on a 1% agarose gel for
BuÈ rki, 1989a) with the primers 59-TCGGCGTCGACAGTATGCAGAG
analysis. Primer b (Figure 4) was a mix of three oligonucleotides,
GGCTGTATC-39 and 59-GCATCGATCCCGTTTCAGAATGGAATG
Vk1, Vk2, and Vk3, which were, respectively, 59-GCGAAGCTTCCC
TGCAG-39 containing, respectively, a SalI and a ClaI restriction site.
TGATCGCTTCACAGGCAGTGG-39, 59-GCGAAGCTTCCC(AT)GCTC
The amplified fragment was sequenced and ligated into the SalI/
GCTTCAGTGGCAGTGG-39, and 59-GCGAAGCTTCCCA(GT)(AC)CAClaI unique sites of the pIVhL2neor vector (Sonoda et al.,1997). The
GGTTCAGTGGCAGTGG-39. These oligonucleotides prime on frame-resulting vector, pIVh3-83L2neor, was transfected into 129-derived
work region 3 of most of the germline Vk genes (A. Ehlich, unpub-(embryonic day 14) ES cells (KuÈ hn et al., 1991), which were cultured
lished observations). PCR condition with primers b and c was 45 sand manipulated as described in Torres and KuÈ hn (1997). Homolo-
at 948C, 1 min at 648C, and 1 min at 728C for 40 cycles. Approximately
gous recombinant ES clones were identified by PCR using the prim-
1 mg of tail DNA from 3-83Hi;3-83ki mice (used as negative control)
ers 59-TACTGGTACTTCGATGTCTGGG-39, homologous to the JH1 was added to each PCR reaction to obtain an equal DNA concentra-
sequence; and 59-GGAAACTAGAACTACTCAAGCTA-39, priming 59
tion in each amplification. One fifth of each PCR reaction was run
of Em enhancer and just 39 of the short arm of homology of the
on a 3% agarose gel for analysis.
targeting vector (Sonoda et al., 1997). Homologous clones positive
on PCR were verified by Southern blot analysis (data not shown).
Single Cell Sorting and PCR Analysis of k RearrangementsTwo homologous recombinant clones were transfected transiently
B2201CD432sIgM2 bone marrow cells were sorted and stained in-with a Cre-recombinase encoding vector to obtain neor gene dele-
tracellularly with anti-k antibodies as described above. These cellstion in vitro (Pelanda et al., 1996). Two neor-deleted clones were
were analyzed subsequently and single cells belonging to, respec-injected into CB.20- and C57BL/6-derived blastocysts, and the re-
tively, the large k1, small k1, and small k2 cell fractions were sortedsulting chimeric mice were bred for germline transmission. The
directly into PCR buffer±containing PCR tubes (Ehlich et al., 1994).3-83kiJk2 mice were generated as described for the 3-83ki mice
Proteinase K (1 ml from a 10 mg/ml stock) was added to each tube.(Pelanda et al., 1996), with the exception that the long arm of homol-
The samples were incubated for 1 hr at 558C and subsequently forogy of the targeting vector was a 3.9 kb XbaI±BamHI fragment from
10 min at 958C to inactivate the proteinase K. PCR amplification39 of Jk5 to 39 of Ck. All mice were used at 5±9 weeks of age. 129-
was carried out in two rounds: the first reaction contained all 59derived 3-83Igi mice (H-2b) were backcrossed to BALB/c to obtain
primers (5 pMol each per reaction), Vk3-83Vj (specific for 3-83k),the H-2d background.
59-CACCAGTATCATCGTTCCCCACCC-39, KG (specific for the germ-
line Igk locus), 59-ACAGCCAGACAGTGGAGTACTACCACTGTG-39,
Immunofluorescence Staining and Cell Sorter Analysis Vk1, Vk2, and Vk3 (specific for most germline Vk genes; see above,
Spleen and bone marrow cells were prepared as described pre- PCR Analysis of RS Recombination), and the 39 primers Jk5E (spe-
viously (Pelanda et al., 1996). The following antibodies were used cific for the 39 sequence of Jk5), 59-GATCCAATCTCTTGGATGGTG
for staining: 54.1 (anti-3-83 idiotype; Nemazee and BuÈ rki, 1989a),
ACC-39. Amplification was 1 min at 948C, 1 min at 608C, and 2 min
Ac-146 (anti-B1-8 idiotype; Reth et al, 1979), RA3-6B2 (anti-CD45R/
at 728C for 30 cycles. Taq polymerase (3 units per reaction) was
B220; Coffman, 1982), and R33-24-12 (anti-IgM; GruÈ tzmann, 1981).
added after the first denaturation step. An aliquot (1.5 ml) of the first
Three-color analysis of bone marrow cells was performed as de-
reaction was utilized as template in the second round of amplifica-
scribed previously (Pelanda et al., 1996). Biotin conjugates were
tion. The second round was carried out in different reactions, con-
revealed by Cychrome-Streptavidin (Pharmingen). Cells present in
taining 7.5 pmol of each primer. The amplification of Vk-Jk re-
the lymphocyte gate, as defined by forward and side light scatter
arranged genes was achieved with the 59 primers Vk1, Vk2, and Vk3
(FoÈ rster et al., 1989), were analyzed on a fluorescence-activated cell
(see above) andthe 39 primer Jk5A, 59-GGGTCTAGACAACTGATAAT
sorter (FACScan; Becton Dickinson).
GAGCCCTCTCCAT-39. Amplification of 3-83ki was obtained with
primers Vk3-83Vj and Jk5A. Amplification of germline Igk was
achieved with primers KG and Jk5A. Second round amplificationCell Sorting and Cytoplasmic Staining
Bone marrow cells were depleted of IgM1 cells and macrophages was 1 min at 948C, 1 min at 628C, and 2 min at 728C for 30 cycles.
At the end of the second round amplification, an aliquot of reactionby the magnetic cell sorting system (Miltenyi Biotech) (Pelanda et
al., 1996), and stained as described above for the three-color analy- was analyzed on agarose gel to detect specific bands. Primers for
the amplification of l1 rearranged genes (Texido et al., 1996) weresis. Cells were run on a FACStar Plus flow cytometer (Becton and
Dickinson) to sort B2201CD432sIgM2 cells. Intracellular staining also added in the first- and second-round PCR mix.
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